Introduction
Nonimaging reflective concentrators are used for concentration of solar radiation, especially as second stage concentrators for high-temperature solar power plants ͓1͔. Secondary concentrators may be relatively small devices when the primary is a parabolic dish ͓2,3͔ or large devices intended for solar tower systems ͓4,5͔. The use of secondary concentrators can increase the flux incident on the solar receiver relative to the use of only one concentrator stage, because the potential of a two-stage system may approach the thermodynamic limit of concentration ͓6͔. Reaching a high incident flux is important in high-temperature applications, for example power generation with modern engines such as gas turbines ͓5,7͔ and solar chemistry ͓8,9,10͔. A high incident flux provides high receiver efficiency in spite of the high temperature, and is therefore a crucial element in the overall process efficiency.
The performance of a nonimaging concentrator is sensitive to the geometric accuracy of its reflective surfaces. Generally, it is difficult to assess the optical performance of an existing nonimaging concentrator, or to measure its geometry with sufficient resolution and precision. This is especially difficult for large concentrators that are assembled in-situ from many separate elements, and their reflective surfaces are not easily accessible after assembly for a physical measurement. In these cases, it is possible to perform calorimetric measurements that determine the overall power exiting the concentrator ͓11,12͔, and flux measurements at the exit aperture ͓5͔. These provide only limited detail, and offer no information on how the actual device geometry deviates from the design. If concentrator performance is much lower than anticipated due to manufacturing flaws, such measurements provide little assistance in identifying and repairing these flaws. A more detailed geometric characterization of imaging reflectors can be provided by photogrammetry ͓13͔, which was successfully used with a primary concentrator. This is not practical for a large nonimaging secondary, because it requires a direct line of sight to, and physical manipulation of, the internal reflective surfaces.
We have developed an all-optical remote measurement method for nonimaging concentrators and demonstrated its application in the laboratory measurement of a small concentrator ͓14͔. In this contribution, we demonstrate the method in-situ, with a secondary concentrator installed on a solar tower and the measurements performed remotely from within the heliostat field. The concentrator chosen for this test was an asymmetric device with rectangular cross-section, which was optimized for accepting radiation from an East-West wide field ͓15͔. The measurements included placing a Lambertian source across the concentrator's exit aperture, taking photographs of the concentrator from strategically selected points in the field, and analysis of the transmission patterns visible in the photographs. The final product of the analysis was a calibrated geometrical description of the concentrator, which can be used to predict performance under any conditions and to assess any needed repairs or adjustments of concentrator geometry.
Principles of Remote
In-Situ Measurement. The remote measurement method was previously presented in detail ͓14͔, and a brief summary is provided here for completeness. The method is based on the reversibility of ray-paths in the framework of geometric optics, assuming surfaces that are specularly reflecting and non-emitting. A path through the concentrator represents both a ray starting at the entrance aperture, and another starting at the exit aperture. Hence, all rays that are accepted by a concentrator ͑enter through the inlet, and reach the exit aperture͒ can be reversed by placing a Lambertian source across the exit aperture, and observing what comes out of the inlet aperture. Looking onto the entrance aperture of the concentrator, a pattern is observed of bright regions illuminated by the radiation source and dark regions that are not illuminated. This corresponds to the transmission pattern ͓1͔ for radiation emerging from the position of observation. Radiation coming from the point of observation and falling on the illuminated regions of the inlet aperture will be accepted, because these paths lead to the exit aperture; rays coming from that position and falling on the dark regions will be rejected. An illustration of the receiver and typical rays passing through transmission and rejection regions of the aperture is presented in Fig.  1 . A series of photographs from different positions of observation can provide values of the transmission function for a set of incident directions for each point on the entrance aperture.
It may be convenient to take the photographs directly from the position of the source of radiation that the concentrator is designed to accept, i.e., from the parabolic dish or the heliostat field that serve as primary concentrator. This choice will provide the transmission information directly in the relevant positions. However, the measurements may also be taken from another set of observation points without loss of information about the transmission function. This is since the measurements show the directional dependence of the transmission pattern, which is only weakly influenced by the distance from the observation point to the target. Performing many observations from different directions relative to the target, corresponding to different positions within a reference surface such as the primary concentrator, can provide a complete map of the transmission of radiation through the concentrator, with full four-dimensional ͑4-D͒ resolution within the phase space of geometric optics ͓14͔. It is, therefore, possible to recover the geometry of the concentrator that creates this mapping in phase space. The other diagnostic methods mentioned above involve loss of information: calorimetry collapses all transmission information to a single integral value, and flux measurement reduces the information from four to two dimensions. This integration within the 4-D phase space results in a loss of information, which makes it impossible to recover the geometry of the actual concentrator from the results.
Experimental Method
The optical assessment method was applied to a secondary concentrator installed at the 9 th floor of the solar tower at the Weizmann Institute of Science. The concentrator has a rectangular entrance aperture and a rectangular exit aperture. It is composed of eight plane facets of trapezoidal shape, as shown in Fig. 1 . This geometry was optimized to accept radiation coming from the whole field of heliostats ͓15͔, and is not limited to an axisymmetric acceptance cone typical of more conventional designs. This concentrator can serve as part of an array of concentrators, following the partitioned receiver concept ͓16,17͔, due to its rectangular aperture. The geometrical concentration is 4.5, and the transmission efficiency is 92.7% assuming 95% reflectivity. The nominal flux concentration hence is 4.17. A more detailed description of the design, construction and calorimetric testing of the concentrator can be found in ͓11,15͔.
In the laboratory measurement ͓14͔, we have used an active light source at the exit aperture, and the ambient light was suppressed. The patterns that were produced were therefore composed of easily distinguished bright and dark regions. In an in-situ measurement, it is more difficult to suppress ambient light. It may be possible to perform the measurement at night, if there is not too much artificial ambient light present. However, in a daytime measurement, the regions representing rejected rays in the transmission patterns are not dark. They contain reflected ambient light from the sky or from the heliostat field. It is, therefore, not possible to analyze the transmission patterns based on brightness, as was done in the laboratory test.
The contrast between transmission and rejection regions was produced in the current test using color. The Lambertian source was constructed by placing a flat piece of bright orange cardboard across the exit aperture of the concentrator. The rough cardboard reflected incident light diffusely, in all directions within the hemisphere facing the primary concentrator. This reflected light could be easily distinguished from ambient light by its color. The source was not exactly Lambertian, since the outgoing radiation was not necessarily at uniform intensity. The analysis of the transmission patterns, therefore, used a color criterion to distinguish between orange and non-orange regions, rather than a brightness criterion.
Photographs of the entrance aperture were taken from seven positions within the heliostat field. Figure 2 shows the layout of the WIS heliostat field and the observation positions. The equal transmission contour lines indicate the acceptance range of the concentrator, according to ray-tracing simulation. The relatively sharp transition from high to low transmission shows the good adaptation of the concentration optics to the eccentric shape of the heliostat field.
Observation positions 1-6 were selected within the transition region near the edge of the acceptance range, since the sensitivity of the transmission patterns to small geometric changes in the concentrator is highest in this region ͓14͔. The patterns seen from within the transition region are composed of regions that are illuminated bright orange by the Lambertian source across the exit aperture, and regions that reflect ambient light and do not show the source color. The intensity in the bright orange regions was essentially uniform, except for small variations due to different number of reflections at the concentrator's walls that incur absorption losses.
Position 7 was chosen approximately at the center of the field, where transmission is close to 100%. The observation from this position showed the full entrance aperture filled with bright orange radiation from the source, with no significant ray rejection. For this reason, the measurement from position 7 requires no analysis, and provides no useful information other than to confirm the ray tracing result of complete transmission.
Images of the transmission patterns at each position were taken using a camera with ASA 100 color slide film. An appropriate lens was chosen such that the concentrator entrance aperture fills a significant part of the picture, to provide sufficient image resolution. The acquired image resolution exceeded the resolution of the simulated image ͑Section 4.2͒, and therefore was not a limiting factor on the accuracy of the analysis. In principle, image resolution can be affected by the lens quality and by distortion due to thermal gradients in the air intervening between the observation point and the target. We have found that the image quality was sufficient to resolve the small features that were predicted by the simulation, and that the images seemed stable and reproducible. The lens and atmosphere effects were therefore not significant in the current tests. Additional experience with larger solar plants and under various atmospheric conditions is needed to validate this conclusion. 4 Analysis of the Transmission Patterns 4.1 Image Processing. The pictures were scanned from the color slides for further processing. The scanning resolution was adjusted to provide about 45,000 pixels within the aperture, which matches the resolution of the simulated images ͑see Section 4.2͒. No processing or filtering was applied to the image during the scanning process. Figure 3 shows a typical scanned transmission pattern as photographed from position 1. The transmission regions can be identified as horizontal strips of nearly uniform gray, representing the bright orange of the original photographs. The regions that reflect ambient light show a variety of patterns, including images of heliostats that are much brighter than the radiation coming from the source. Nevertheless, the color criterion used to identify the transmission regions does not depend on relative brightness, and therefore, the ambient light does not affect the measurement.
The scanned images were processed to exclude the rejection regions, seen as reflected ambient light, from the patterns. The goal was to reach the same contrast between the transmission and rejection zones as was achieved in the laboratory measurements, where ambient light was suppressed ͓14͔. The pictures were separated into the three RGB color channels. A new image was produced with the following rules: a pixel containing a large red component but no significant blue component is considered to originate at the orange source and corresponds to a transmission area. A pixel containing a significant blue and not much red is considered to originate in the environment and corresponds to a rejection area. This choice obviously depends on the specific color chosen for the source at the concentrator exit aperture; a pure primary color ͑corresponding to one of RGB channels͒ would simplify the contrast criterion. The result of the filtering process is a high-contrast gray-level image with the orange features highlighted, and the ambient light suppressed. Figure 4 shows the processed transmission patterns corresponding to positions 1-6 in the field. A comparison of image 1 in Fig. 4 to Fig. 3 demonstrates the effectiveness of this procedure in eliminating ambient light.
Simulated Images.
A model of the concentrator geometry was constructed for the simulation, including several free parameters that may vary to represent manufacturing and assembly errors. Eight linear dimensions which define the concentrator geometry and the slope angle ͑down from horizontal͒ were used. The next section presents the sensitivity of the simulation results to two of these parameters, one of the linear dimensions and the slope angle. The ray-tracing simulation was performed using the commercial optics code ASAP ͑Breault Research Organization, Tucson, AZ͒. The distribution of rays was organized according to the resolution of the scanned image, such that a single ray was traced for each pixel in the image. The tracing started from the concentrator's inlet aperture and proceeded towards the exit aperture. A ray was marked as transmitted if it reached the exit aperture, and rejected if it was turned around and reached the inlet aperture. About 45,000 rays were traced for each image, requiring about one minute of processing time on a PC. Figure 5a shows a simulated pattern for position 1, corresponding to the measured pattern 1 in Fig. 4 . One ray was traced in the simulation for each pixel in the measured pattern. The different gray levels within the transmission regions correspond to attenuation due to a different number of reflections. The brightest band in the lower right edge of the aperture corresponds to direct sight of the exit aperture from the position of observation, i.e., direct transmission of light without reflection. 
Pattern Matching and Concentrator Geometry.
Information about the actual geometry of the concentrator as manufactured and assembled was obtained by matching the measured transmission patterns to simulated patterns, using the following procedure. The simulated pattern and the measured pattern were overlaid and compared pixel-by-pixel. Figure 5b shows the difference between the two patterns. Matching areas, i.e., showing transmission in both the simulation and in the measurement, or rejection in both the simulation the measurement, are shown as white. Two types of mismatch are shown as gray areas. Pixels that appear bright in the measurement but not in the simulation are shown in light gray. Pixels that appear bright in the simulation but not in the measurement are shown in dark gray. The sum of these two types of mismatch is the total mismatch. The amount of mismatch is found by simple pixel counting in the difference image. The significant mismatch ͑of both types͒ between the patterns indicates that the actual concentrator geometry is different from the design geometry, due to errors in the manufacturing or the assembly and alignment of the concentrator.
The accuracy of the mismatch values depends on image quality and resolution. The measured image should be sharp, such that the transition between the transmission and rejection regions occurs over a single pixel. The experimental uncertainty in the area of each region is therefore proportional to the number of pixels on the boundaries of the region, since the exact transition line could be anywhere between the center of one pixel and the center of its neighbor on the other side of the boundary. The assumption that the transition is exactly between the neighbor pixels has then a maximum error of half a pixel size, and an average error value can be set as a quarter of a pixel. The same argument applies to the simulated image where again each finite pixel area is represented by a single ray located at its center. The actual tracing of the ray is exact ͑up to the computer round-off͒ and therefore contributes no additional error. For a typical case in our analysis, an image has two mismatch regions in the form of elongated strips, having four boundaries, each about 370 pixels long. The error in mismatch area, relative to the aperture area, contributed by each boundary is 370/4/45,000ϭ0.002. Combining the four contributions as a sumof-squares ͑since statistically the errors do not have to be in the same direction͒, the total error estimate is 0.004 or 0.4% of the aperture area.
The geometric transmission of the concentrator for radiation incident from the observation point is defined as the ratio of the transmission area to total aperture area in the image. This is distinct from the radiation transmission, since the losses due to imperfect reflectivity are not taken into account. The geometric transmission is not necessarily very different between measurement and simulation, even when the mismatch is large. The difference in geometric transmission equals the difference between the two types of mismatch. In the example of Fig. 5b , the mismatch areas of the two types is nearly equal, and therefore the total difference in geometric transmission between measurement and simulation is small for this observation point ͑not necessarily for other observation points͒. This demonstrates the detailed information content of the transmission pattern measurement, which is lost when using integral measurement methods such as calorimetry.
The next step is adjustment of the geometric model of the concentrator in the simulation and seeking a better match between measurement and simulation. The procedure used was a manual adjustment of the geometric parameters, one at a time, and observing the effect of each change on the mismatch. The possibility of automating this process, and issues that may arise in more complex models of large concentrators, are discussed in Section 5. While each parameter was changed, the mismatch in all observation points was examined. The matching of specific topological features in the transmission pattern, as well as the amount of mismatch area, were used as criteria for improvement. We have found that in general an improvement occurred simultaneously in all parts of the image, and in all the images from the different observation points.
Physical measurement of the concentrator facets before assembly has shown that the length of the front axial section ͑L 1 in Fig.  1͒ was higher than the design by three millimeters. The second axial section was shorter by the same amount, such that the total length L was correct. To see if this error can be detected, the dimension L 1 was varied in the simulation according to the procedure outlined above, and the best match was found at the correct length. Figure 6a shows the pixel mismatch for observation position 1 when L 1 is varied in the simulation. The correct length can be easily identified as having the lowest total mismatch. This geometric information cannot be derived from a calorimetric measurement, because the total transmission is not sufficiently sensitive to this error, as seen in Fig. 6a . The sensitivity of the pattern matching method, on the other hand, easily identifies errors of 1 millimeter magnitude or even smaller. A similar optimal match at the same value of L 1 was observed in the images of the other observation points.
A different type of geometric parameter value that can be easily detected is the alignment of the concentrator. Figure 6b shows the pixel mismatch while varying the tilt angle of the concentrator axis downward from horizontal in the simulation. In this case the minimum in the total mismatch curve is less pronounced. However, the optimal value is easy to identify since it provides the best balance between the two types of mismatch. In this case, the total transmission shows reasonable sensitivity to the slope parameter, indicating that a calorimetric measurement could in principle be used to detect the correct concentrator slope. However, experimental errors in a calorimetric measurement make it very difficult to obtain the measurement accuracy of about 1% that is needed here. The transmission patterns can be measured with negligible error, since high image resolution is easy to achieve. It is, therefore, possible to detect concentrator slope errors as small as 0.1°o r even smaller. Figure 7 shows the effect of the optimization of the length parameter L 1 on the mismatch at all positions of observation. The slope angle parameter was already corrected in these results. The reduction in mismatch is significant, indicating that the concentrator geometry in the simulation model is very close to the actual geometry. The remaining total mismatch of about 5% is due to the other geometric parameters that were not varied within this analysis.
Discussion
We have demonstrated an in-situ application of the remote optical assessment method for nonimaging concentrators. The measurement was performed in a full-scale solar tower facility, using easily available technical equipment. The measurement did not require contact with the concentrator, except for the placement of a flat surface at the exit aperture. Analysis of the measured transmission patterns provided accurate information on the actual values of several geometric parameters of the concentrator. Compared to an integral calorimetric test of a concentrator, the remote optical method provides much more geometric information and much higher accuracy. Compared to photogrammetry, the remote optical measurement enables measurement of devices with deep geometry and a non-uniform number of reflections, and does not require contact with or manipulation of the reflective surfaces. Our method for non-imaging secondary concentrators can complement photogrammetry used for primary concentrators, to provide a complete solution for characterization of two-stage optical systems.
The high sensitivity of the pattern matching procedure provided high-resolution values of the concentrator geometric parameters that were varied in our analysis. Variations of 1 mm in linear dimension and 0.1°in tilt angle were detected. The accuracy of the measurement depends on the resolution of the measured and simulated images. The resolution of the measurement is mainly limited by distortions induced by the optical equipment and by the air. In our tests, these effects were not significant and did not limit the measurement accuracy. The resolution of the simulated results can be chosen as desired, with higher resolution resulting in somewhat higher ͑but not excessive͒ computational effort.
Small-scale geometric imperfections in the mirrors can influence the measured images, but these effects were found insignificant in our tests. The boundaries between areas of different color in the images were quite sharp, up to image resolution, showing that any diffuse component in the reflection or small-scale waviness that creates effective scattering, were not significant. Straight edges observed through a reflection in the mirrors are seen as straight lines, with hardly any distortion. This indicates that longwave deformation of the mirrors is also insignificant up to the limit of image resolution. We expect that specularity will not be an issue in most well manufactured concentrators. Long-wave deformations may exist, especially in large facets, and should be identified and corrected. This can be done by modeling each facet with additional degrees of freedom for curvature, and calibrating the additional parameters using the distortions found in the measured transmission patterns.
The question of uniqueness and local minima is always present in optimization problems. The rudimentary test presented here of matching two geometric parameters to known values was successful, but this is no guarantee for success in general. We believe that for this particular application, the danger of misleading local minima is not severe. First, the initial guess should be close to the desired solution, since the geometric deviations sought should be relatively small for a reasonable concentrator. Second, the amount of information to be matched is large and complex. In principle, each pixel in an image can be regarded as a bit of information, leading to 45,000 bits to be matched per image in our tests. Some of this information represents a complex interaction of many parameters via multiple reflections. It is unlikely that different combinations of geometric parameters will reproduce the same complex set of information embodied in the transmission patterns from different observation points. We have no rigorous proof of this conjecture; the best way to gain confidence in this issue is probably by accumulating experience in using this procedure with different cocentrators.
In addition to the geometric model of the concentrator, the optimization may benefit from a few other free parameters. The orientation angles of the concentrator's axis can be accurately found from optimization of the pattern match, as shown above. Other parameters that were not varied in the current work are the concentrator's position in the tower and the positions of the observation points in the field. The selection of the appropriate free parameters for optimization depends on the uncertainty in the values that these parameters are assigned before the remote measurements.
In principle, the effect of different parameters in the geometric model can be coupled, so that finding an optimum by varying one parameter at a time is difficult. We have found that it is possible to decouple the parameters by a correct ordering of the 1-D parameter searches. The reason for this behavior is that some features in the transmission pattern are strongly affected by specific parameters, and less affected by others. For example, the geometry of the apertures observed in the image is affected by a global parameter such as the concentrator tilt angle, but not by other parameters that define internal structure like L 1 . The tilt angle can be determined by focusing on specific features in the images. Another important effect is that radiation leaving the exit aperture always travels towards the inlet aperture, and cannot turn back. The pattern observed at the facets adjacent to the exit aperture is not affected by the geometry of facets farther towards the inlet aperture. The parameters defining the first ring of facets can then be determined separately from the rest of concentrator by matching only the part of the transmission pattern that is viewed through these facets. The same argument can be made by induction for each successive ring of facets, after the geometry of the previous ring has been determined.
In a large concentrator composed of many facets, the number of degrees of freedom in the geometric model can be large, requiring a higher computational load in the matching process. The decoupling process described above can alleviate the computational load, but it would still be a challenge. Therefore, it is desirable to construct a geometric model of the concentrator that is simplified as much as possible. The simplification should be based on analysis of the concentrator construction method and identification of the main types of geometric errors that would be expected.
The number of required observation points needed to fully characterize a concentrator should be related to the number of degrees of freedom in the concentrator's geometric model. A practical procedure for a large and complex concentrator can be as follows. Analyze a small number of patterns, say from three observation points. Optimize the geometric model based on these patterns. Then measure a few additional patterns from different positions, and test whether the optimized model provides a good match to these patterns as well. If not, re-optimize with the larger set of patterns. Then repeat the test with new patterns. This incremental procedure should allow a reasonable compromise between effort and accuracy.
The analysis described here can be partly automated, but manual intervention and control for the high-level decisions are recommended. For a given type of concentrator, some expertise will be needed in order to define the decoupling and optimization order of the parameters in the model, and to identify which features in the pattern should be matched for specific parameters. This is important when the method is applied for a complex concentrator with a large number of degrees of freedom and of observation points, since the amount of computation for a fully automatic optimization could be prohibitive.
Application of the remote measurement to solar plants which are much larger than the WIS field should be similar to the current application. As the heliostat field increases in size, the concentrator inlet aperture will also increase by roughly the same ratio. The required optical setup is therefore similar, and possibly the only effect will be somewhat higher interference due to the intervening air between the camera and the target.
